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Abstract 
We have experimentally elucidated the correlation between inverse and direct Edelstein Effects 
(EEs) at Bi2O3/Cu interface by means of spin absorption method using lateral spin valve structure. 
The conversion coefficient λ for the inverse EE is determined by the electron momentum scattering 
time in the interface, whereas the coefficient q for the direct EE is by the spin ejection time from the 
interface. For the Bi2O3/Cu interface, the spin ejection time was estimated to be ~ 53 fs and the 
momentum scattering time ~ 13 fs at room temperature, both of which contribute to the total 
momentum relaxation time that defines the resistivity of the interface. The effective spin Hall angle 
for the Bi2O3/Cu interface amounts to ~ 10% which is comparable to commonly used spin Hall 
material such as platinum. Interesting to note is that the experimentally obtained Edelstein 
resistances given by the output voltage divided by the injection current for direct and inverse effects 
are the same. Analysis based on our phenomenological model reveals that the larger the momentum 
scattering time, the more efficient direct EE; and the smaller spin ejection time, the more efficient 
inverse EE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The spin-charge current interconversion via inverse and direct EE at interface [1] has recently 
attracted much attention due to its qualitatively different conversion mechanism than the bulk spin 
Hall effect [2]. These conversions are attributed to the spin-momentum locking at the interface 
where the electron spins are orthogonally coupled to their momenta by Rashba effect (See Fig. 
1(a)) [3] or the topological nature of topological insulators. In the inverse Edelstein effect (IEE), the 
in-plane polarized 3D spin current 𝑗s_IEE
3D [A/m
2
] injected into the interface can be converted to 
the 2D charge current 𝑗c_IEE
2D [A/m] flowing orthogonal to the spin polarization direction of the 
spin current. For IEE caused by Rashba type spin-orbit coupling, the spin-to-charge conversion 
coefficient i.e. Edelstein length in the length unit meters λ can be expressed as [4,5], 
𝜆 ≡  
𝑗cIEE
2D
𝑗sIEE
3D  ~ 
𝛼R𝜏IEE
ℏ
 [m].  (1) 
Here, ℏ is the Dirac constant and 𝛼R is the Rashba parameter of the interface and 𝜏IEE is the 
momentum scattering time inside the 2D interfacial conductive layer. 
In the direct Edelstein effect (DEE), 2D charge current 𝑗c_DEE
2D [A/m] flowing in the interface 
produces a spin accumulation, a part of which diffuse into the adjacent bulk region, resulting in a 3D 
spin current 𝑗s_DEE
3D [A/m
2
] whose spin polarization direction is perpendicular to the flow of 
𝑗c_DEE
2D. The charge-to-spin conversion coefficient for the DEE is given by 𝑞 ≡  𝑗s_DEE
3D 𝑗c_DEE
2D⁄  
[m
-1
]  [6]. The DEE is an important mechanism to produce the spin current exerting the spin orbit 
toque on adjacent ferromagnetic layer [7]. It is therefore important to clarify the responsible physical 
parameters that maximize the coefficient 𝑞. For this purpose, we developed a phenomenological 
model for spin-charge interconversion through IEE and DEE by considering two kinds of relaxation 
times. Furthermore, we have applied the model for explaining the IEE and DEE at the Bi2O3/Cu 
interface [8–12], that were measured experimentally by spin absorption method. Our model provides 
a comprehensive understanding of spin-charge interconversion mechanism through IEE and DEE. 
The phenomenological expression of 𝑞 is deduced by considering simple parabolic dispersion of 
spin-split band as shown in Fig. 1(a). The spin accumulation 〈δ𝑆〉 produced by 𝑗c_DEE
2D at an 
interface with 𝛼R can be approximated as [13] 
〈𝛿𝑆〉 ~ 
𝑚𝛼R
𝑔𝑒ℏ𝐸F
𝑗c_DEE
2D.   (2) 
Here, g is Landé g-factor, 𝑒 is elementary charge, 𝑚 and 𝐸F are respectively effective mass of the 
electron and the Fermi energy of the interface state. Note that Eqs. (1) and (2) are valid in the 
high-density regime where the Fermi energy 𝐸F  is much larger than the spin orbit 
coupling 𝛼R
2 2ℏ2𝑚⁄ . On the other hand, when 𝐸F  ≤  𝛼R
2 2ℏ2𝑚⁄  in the low density regime, neither 
Eq. (1) nor (2) is valid because the perturbative treatment of the spin orbit coupling fails [14,15]. We 
therefore only consider the high-density regime.  
Considering that the accumulated spins 〈δ𝑆〉 at the interface are ejected to (or diffuse into) 3D 
bulk with the probability of 1 𝜏DEE⁄  where 𝜏DEE is the spin ejection time across the interface, the 
spin current 𝑗s_DEE
3D can be given by 
 𝑗s_DEE
3D 𝑒⁄ =  〈𝛿𝑆〉 𝜏DEE⁄ .   (3) 
From Eqs. (2) and (3) with 𝐸F ~ 𝑚𝑣F
2 2⁄ , 𝑣F =  ℏ𝑘F 𝑚⁄ , and corresponding Fermi wavevector 𝑘𝐹 
in the interface state [16]), we obtain the conversion coefficient as, 
 𝑞 ≡  
𝑗s_DEE
3D
𝑗c_DEE
2D  ~ 
𝛼R
𝑣F2ℏ𝜏DEE
 [m−1].   (4) 
In this way, it is understood that the coefficients λ and 𝑞 are respectively characterized by two 
kinds of relaxation times 𝜏IEE and 𝜏DEE (see Fig. 1(b)). It should also be noted that both 𝜏IEE and 
𝜏DEE give the total momentum scattering time 𝜏total as 
 
1
𝜏total
=  
1
𝜏IEE
+  
1
𝜏DEE
.   (5) 
In the Edelstein effects with the surface states of topological insulators, the conversion coefficients 
are expressed as 
 𝜆 =  𝑣F𝜏IEE [m],    (6) 
 𝑞 =  1 𝑣F𝜏ej⁄  [𝑚
−1] ,    (7) 
which correspond to Eqs. (1) and (4), respectively [17]. 
 We measured DEE and IEE at Bi2O3/Cu interface by means of non-local spin absorption 
method [18]. In this technique, we use a modified lateral spin valve structure as shown in the 
illustration of Figs. 2 (a) and (b) in which a 200-nm-wide Bi2O3(10 nm)/Cu (tCu = 12.9 nm - 23.1 
nm) middle wire is inserted in between the two ferromagnetic Ni80Fe20 (NiFe) wires that are 
100-nm-wide and 30-nm-thick. These three wires are bridged by a 100-nm-wide and 100-nm-thick 
Cu wire. The details of device design and fabrication procedure are described in the supplemental 
material. The measurements were carried out at 10 K by means of lock-in detection with 173 Hz. In 
the IEE measurement, charge current IC_IEE of 500 μA flowing between NiFe and Cu wires builds up 
spin accumulation which drives a diffusive spin current along the Cu wire. A part of spin current is 
absorbed into the middle wire where the spin current is converted to the charge current via IEE, 
resulting in non-local voltage VIEE along the middle wire. In the DEE measurement, the charge 
current IC_DEE of 500 μA flowing along the middle wire generates spin accumulation via DEE at the 
Bi2O3/Cu interface which drives spin current propagating diffusively through the bridging Cu wire. 
The non-local voltage VDEE between the NiFe wire and the Cu wire can then be detected. The IEE 
(DEE) resistance is defined as RIEE = VIEE/IC_IEE (RDEE = VDEE/ID_IEE). The RIEE and RDEE vs magnetic 
field H for the middle wire with different Cu thickness tCu are shown in Fig. 2 (c). We found that the 
magnitude of inverse and direct Edelstein resistances ΔRIEE and ΔRDEE are always the same for all 
the device with different tCu, whose trend is similar to that of the spin absorption measurements in 
spin Hall materials [19]. In our experiment, ΔRIEE and ΔRDEE reach the largest value of 0.080 mΩ 
when the copper thickness tCu is 18.9 nm. 
Before considering DEE and IEE, we discuss the effective conversion efficiency of 
Bi2O3/Cu middle wire which is assumed to be a single spin Hall material with effective inverse and 
direct spin Hall angles 𝜃ISHE
∗  and 𝜃DSHE
∗ , respectively. We used the equations described in Ref. [20] 
to calculate 𝜃ISHE
∗ , which were based on 1D spin diffusion model. The shunting factor x for our 
Bi2O3/Cu wires were numerically calculated to be 0.097, 0.136, 0.166, 0.203, 0.242 and 0.281 for 
the samples with Cu thickness in the middle wires of 12.9 nm, 15.9 nm, 17.1 nm, 18.9 nm, 21.9 nm 
and 23.1 nm, respectively, by using SpinFlow3D [21]. We also separately calculated 𝜃DSHE
∗  form 
the direct measurements. The details of the calculation of 𝜃DSHE
∗  is described in supplemental 
material. Both of 𝜃DSHE
∗  and 𝜃ISHE
∗  take negative values, the magnitude of which are shown as a 
function of tCu in Fig. 3(a). We found 𝜃DSHE
∗  = 𝜃ISHE
∗  for all of our samples, satisfying the 
Onsagar’s reciprocity as in Ref. [19] that is natural consequence from the experimental results, 
ΔRDEE = ΔRIEE. The fact that 𝜃DSHE
∗  and 𝜃ISHE
∗  were calculated independently from the direct and 
inverse measurements together with the above-mentioned result, 𝜃DSHE
∗  = 𝜃ISHE
∗  ascertain our 
calculation of 𝜃DSHE
∗ . The maximum value of the effective spin Hall angle is ~ 0.10 that is relatively 
large, assuring that Bi2O3/Cu interface has great potential as spin current generator and detector. 
 𝜆 can be calculated from the definition of Eq. (1) as [22], 
𝜆 =  
𝑡Cu
𝜌M
𝑤M
𝑥
(
𝐼C_IEE
𝐼S_IEE̅̅ ̅̅ ̅̅ ̅̅
) ∆𝑅IEE,  (8) 
where 𝜌M is the resistivity of the middle wire, 𝑤M is the width of the middle wire and 𝐼S_IEE̅̅ ̅̅ ̅̅ ̅ is 
the spin current injected into the interface. The injected spin current into the middle wire 𝐼S_IEE is 
given by 
𝐼S_IEE =  
2𝑃𝐼C_IEE(
𝑅NiFe
𝑅Cu
) [sinh(
𝐿
𝑙Cu
)+ (
𝑅NiFe
𝑅Cu
) exp(
𝐿
𝑙Cu
)  ]
{cosh(
𝐿
𝑙Cu
) − 1 }+ 2(
𝑅M
𝑅Cu
)sinh(
𝐿
𝑙Cu
)+ 2(
𝑅NiFe
𝑅Cu
){(1+ (
𝑅NiFe
𝑅Cu
))(1+2(
𝑅M
𝑅Cu
))exp(
𝐿
𝑙Cu
) −1}
 ,  (9)  
where RM is spin resistance of the middle wire which can be obtained from the ratio between the 
non-local spin valve signals with/without the middle wire [20] (see supplemental material for the 
detail). RNiFe and RCu are the spin resistances of NiFe wire and Cu bridge wire, respectively. P is the 
spin polarization of NiFe, 𝑙Cu is the spin diffusion length of the Cu bridge wire, L (= 500 nm) is the 
distance between middle wire and NiFe wire. 𝐼S_IEE̅̅ ̅̅ ̅̅ ̅ can thus be obtained as, 
𝐼S_IEE̅̅ ̅̅ ̅̅ ̅ =  exp (−
𝑡Cu
𝑙M_Cu
) 𝐼S_IEE,   (10) 
where 𝑙M_Cu is the spin diffusion length of the Cu layer in the middle wire. The exponential factor 
represents the decay of the spin current in Cu layer in the middle wire, which becomes ~ 1 due to the 
long 𝑙M_Cu. 
To calculate 𝑞, we need to know 𝑗c_DEE
2D in Eq. (4). This is in stark contrast to the 
calculation of 𝜆, where we don’t have to know 𝑗c_IEE
2D but assume that all the spin current is 
generated at the interface. We can estimate 𝑗c_DEE
2D by considering the parallel circuit of the 2D 
sheet resistance of the interface 𝑅2D and the sheet resistance of the middle wire 𝜌M 𝑡Cu⁄ ; 
𝑗c_DEE
2D  =  
𝑥(𝜌M 𝑡Cu⁄ )
𝑅2D𝑤M
 𝐼C_DEE.  (11a) 
𝑅2D  =  
𝑚
𝑛𝑡2D𝑒2𝜏total
 .   (11b) 
where 𝑛 is the carrier density in Cu. By solving the 1D spin diffusion equations, we find 𝑗s_DEE
3D 
in Eq. (5) as follows (see supplemental materials for the deduction); 
𝑗s_DEE
3D =  
∆𝑅DEE𝐼C_DEE
2𝑃𝜌M𝑙M_Cu
(𝑎1exp (−
𝑡Cu
𝑙M_Cu
) − 𝑎2exp (
𝑡Cu
𝑙M_Cu
)),    (12a) 
𝑎1 =  (
1
2
 − 
𝑅M_Cu
𝑅Cu
) (
𝑅Cu
𝑅NiFe
+ 2) exp (
𝐿
𝑙Cu
) − (
1
2
 + 
𝑅M_Cu
𝑅Cu
) (
𝑅Cu
𝑅NiFe
) exp (−
𝐿
𝑙Cu
),  (12b) 
𝑎2 =  (
1
2
 + 
𝑅M_Cu
𝑅Cu
) (
𝑅Cu
𝑅NiFe
+ 2) exp (
𝐿
𝑙Cu
) − (
1
2
 − 
𝑅M_Cu
𝑅Cu
) (
𝑅Cu
𝑅NiFe
) exp (−
𝐿
𝑙Cu
).  (12c) 
Here, 𝑅M_Cu is the spin resistance of Cu in the middle wire. Note that 𝑗s_DEE
3D is different quantity 
from the spin current 𝑗s_DSHE
3D described as Eq. (S1) which we used to acquire 𝜃DSHE
∗ . For the 
following calculations, we assume a strong hybridization between the bulk and the interface [4,10], 
in which case 𝜏total  may be the momentum scattering time of bulk 𝜏bulk =  10.6 fs (see 
supplemental material for the estimation of 𝜏bulk) since the interface thickness 𝑡2D  is equivalent 
to the width of the wave functions in the interface state. We adopted the typical interface thickness 
0.4 nm for 𝑡2D [4,11]. 
We obtained negative values for 𝜆 and q at our Bi2O3/Cu interfaces using Eqs. (8)-(12). 
The absolute values of 𝜆 and q as a function of tCu are shown in Fig. 3(b). We calculated 𝜏IEE, 
𝜏DEE and 𝛼R by using m = 3.73 × 10
-31
 kg and 𝑣F = 5.9 × 10
5
 m/s which are the values of the 
surface state of Cu(111) [23]. We obtained 𝜏IEE ~ 13 fs and 𝜏DEE ~ 53 fs. The gradual increase of 
|𝛼R| with  the Cu thickness levels off at a maximum value of ~ 0.46 eV·Å when tCu is about 19 nm. 
This tendency is consistent with that at Bi2O3/Cu interface reported in Refs. [8,11,12]. The Cu 
thickness dependence of 𝛼R has been discussed in Ref. [11]. A smaller 𝜏DEE of ~ 16.6 fs was 
reported in Co25Fe75 (5 nm)/Cu (0-30 nm)/Bi2O3 (20 nm) multilayers [11], which might be attributed 
to additional spin sinking from neighboring Co25Fe75 which is not the case for non-local lateral spin 
valve measurements. The spin ejection rate [11] 𝜂 =  (1 𝜏DEE⁄ ) (1 𝜏total⁄ )⁄  is ~ 0.20 in our system, 
meaning that 20% of accumulated spins are ejected from the interface to the bulk. 
 As mentioned above, 𝜏DEE is about three times larger than 𝜏IEE in our system. This 
difference can be seen as a drop in the electrochemical potential ∆𝜇(= 𝜇1 − 𝜇2) at the interface. 
The electrochemical potential as the function of the coordinate along the pass of spin current in the 
DEE measurement is illustrated in Fig. 4. The electrochemical potential 𝜇1 corresponds to the spin 
accumulation at the interface induced by applying 𝑗c_DEE
2D is given by 
𝜇1 =  〈δ𝑆〉 𝐷𝑂𝑆2D⁄  ~  
𝜋ℏ𝛼R
𝑒𝑚𝑣F2
𝑗c_DEE
2D, (14) 
with the density of state at the interface 𝐷𝑂𝑆2D = 𝑚 𝜋ℏ
2⁄ . Equation (14) yields 𝜇1 ~ 40 μeV. On 
the other hand, the electrochemical potential 𝜇2 in the Cu side of the middle wire can be estimated 
from VDEE detected between NiFe and Cu bridge wires as follows, 
𝜇2 =  𝑎1e
−𝑡Cu 𝑙M_Cu⁄  +  𝑎2e
𝑡Cu 𝑙M_Cu⁄ , (15) 
which yields 𝜇2 ~ 4 μeV. In our system, only 10% of spin accumulation induced by 𝑗c_DEE
2D is 
ejected into the bulk, which is in the same order of the ejection ratio 𝜂 of ~ 0.20. Because of larger 
𝜏DEE than 𝜏IEE, the spin ejection from the interface to the bulk is limited. 
For example, at metal (111) surface of single crystal, the surface and bulk states at Fermi 
level are well defined [24,25]. In this case, 𝜏total, 𝜏IEE and 𝜏DEE are in the order of ps at low 
temperature because the residual resistivity of usual metallic single crystal is in order of nΩ·cm [26]. 
If this surface is used for the spin-to-charge current conversions, the ps-order 𝜏IEE will cause to 
increase 𝜆 but the ps-order 𝜏DEE decrease q. The similar situation is expected at the epitaxially 
grown interfaces [27]. An interface with large q doesn’t necessarily exhibits large 𝜆. Thus, we 
should consider both of 𝜆 and 𝑞 to discuss the efficiency of the EE. This has been ignored in the 
discussion of Edelstein effects. 
In summary, our experimental analyses by means of spin absorption methods revealed that 
the conversion coefficient of IEE is characterized by the momentum scattering time in the interface 
𝜏IEE, while that of DEE is characterized by the spin ejection time 𝜏DEE. Both conversion coefficients 
𝜆  and 𝑞  are proportional to 𝛼R . The sum of inverse relaxation times, 1 𝜏IEE + 1 𝜏DEE⁄⁄   
determines the total momentum relaxation time. Large 𝜏IEE and small 𝜏DEE are crucial for the high 
efficiency of EE. We also found that the effective spin Hall angle of Bi2O3/Cu interface large and 
comparable to commonly used spin Hall material such as platinum. 
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Figure 1: The concept of Edelstein effect. (a) Rashba splitting of parabolic band dispersion of 
interface state. (b) Fermi contour of (a) and illustration of direct Edelstein effect. A charge current 
along x direction create y-polarized spin accumulation. Blue allow indicates a momentum scattering 
in the interface. Magenta allows indicate the spin ejection across the interface. Red cross represents 
spin-flip in the bulk. 
 Figure 2: The measurement configuration for (a) inverse and (b) direct Edelstein effects with spin 
absorption method. (c) The Inverse (red lines) and direct (black lines) Edelstein resistances as a 
function of magnetic field at Bi2O3/Cu interface with four different Cu thickness of Bi2O3/Cu wire 
(The DEE for tCu = 21.9 nm was not measured). 
 Figure 3: The effective spin Hall angle (a), conversion coefficients (b) and the Rashba parameter (c) 
of Bi2O3/Cu as a function of Cu thickness of Bi2O3/Cu wire. Black (red) points in (a) and (b) indicate 
the efficiency/coefficient for direct (inverse) effect. Error bars indicate the error propagation in the 
calculation. 
 Figure 4: The measurement geometry of the DEE measurement (upper illustration) and the spatial 
distribution of electrochemical potential in non-equilibrium steady state in DEE measurement (lower 
illustration). Spin current 𝑗𝑠_𝐷𝐸𝐸
3𝐷 (red arrows) is given by the gradient of 𝜇. 
 
 
 
 
 
Supplemental material 
Our device is a lateral spin valve where a Bi2O3/Cu middle wire is inserted in between two 
NiFe wires and bridged by a Cu wire (see Fig. 2 (a) and (b)). The nano wires were patterned by 
electron beam lithography on a thermally oxidized silicon substrate coated with a 
polymethyl-methacrylate resist. The NiFe wires are 100 nm wide, 30 nm thick and separated by 1 
µm each other. The middle wire is 200 nm wide. Bi2O3 and Cu in the middle wire and NiFe were 
deposited by electron beam lithography under the pressure of a base pressure of 10
−9
 Torr. For the 
middle wire, Cu was deposited on 10-nm-thick Bi2O3. We prepared six samples with different Cu 
thickness in the middle wire (12.9 nm, 15.9 nm, 17.1 nm, 18.9 nm, 21.9 nm and 23.1 nm). The Cu 
bridge wire is 100 nm wide and 100 nm thick which was deposited by a heated tantalum boat under 
10
−10
 Torr after the Ar ion beam etching for 30 seconds in order to clean the surfaces of NiFe wires 
and Cu of the middle wire. The prepared devices were coated by Al2O3 by AC sputtering to avoid the 
chemical reaction of the nano wires in air. 
We discussed effective direct spin Hall angle where we assumed direct spin Hall effect in 
the middle wire instead of the direct Edelstein effect at the Bi2O3/Cu interface. The effective direct 
spin Hall angle 𝜃DSHE
∗  is defined as, 
𝑗s_DSHE
3D  ≡  𝜃DSHE
∗  𝑗c_DSHE
3D,  (S1) 
where, 𝑗s_DSHE
3D is the spin current generated by the effective spin Hall effect and  𝑗c_DSHE
3D is 
the charge current which flows the middle wire. Note that 𝑗s_DSHE
3D is different quantity from 
𝑗s_DEE
3D; according to the definition, 𝑗s_DSHE
3D should be generated at each point in the middle 
wire, while 𝑗s_DEE
3D arises from the spin accumulation in the interface. We evaluated 𝑗s_DSHE
3D 
and 𝜃DSHE
∗  as follows using 1D diffusion model (see Fig. S1). In direct spin Hall effect, the total 
spin current 𝑗total
3D is represented by the summation of 𝑗s_DSHE
3D and the gradient of the electro 
chemical potential as follows. 
𝑗total
3D =  𝑗sDSHE
3D − 
1
2𝑒𝜌Cu
𝜕
𝜕𝑧
𝜇.  (S2) 
We used the boundary condition, 𝑗total
3D = 0 at 𝑧 =  𝑡Cu and solved the diffusion equations. As 
the result 𝜃DSHE
∗  was deduced as, 
𝜃DSHE
∗  =  
𝑗
s_DSHE
3D
𝑗c_DSHE
3D  =  
𝑉𝑡Cu
𝑥𝐼𝑃𝑅M𝑤Cu
1
tanh(𝑡Cu 𝜆M⁄ ) (2 − 𝑒−𝑡M 𝜆M
⁄ − 𝑒𝑡M 𝜆M⁄ )
 
× {−(𝑏1 − 𝑏2)exp (
−𝑡Cu
𝜆M
) + (𝑏3 − 𝑏4)exp (
𝑡Cu
𝜆M
)},  (S3a) 
𝑏1 =  (
1
2
 − tanh(𝑡Cu 𝜆M⁄ )  
𝑅M
𝑅Cu
) (
𝑅Cu
𝑅NiFe
+ 2) exp (
𝐿
𝜆Cu
),  (S3b) 
𝑏2 =  (
1
2
+ tanh (𝑡Cu 𝜆M⁄ ) 
𝑅M
𝑅Cu
) (
𝑅Cu
𝑅NiFe
) exp (−
𝐿
𝜆Cu
),  (S3c) 
𝑏3 =  (
1
2
 +  tanh (𝑡Cu 𝜆M⁄ ) 
𝑅M
𝑅Cu
) (
𝑅Cu
𝑅NiFe
+ 2) exp (
𝐿
𝜆Cu
),  (S3d) 
𝑏4 = (
1
2
 −  tanh (𝑡Cu 𝜆M⁄ ) 
𝑅M
𝑅Cu
) (
𝑅Cu
𝑅NiFe
) exp (−
𝐿
𝜆Cu
).  (S3e) 
The values of 𝜃DSHE
∗  ploted in Fig. 3 (a) were obtained by these equation.  
We had fabricated the spin valve without the Bi2O3/Cu line. Spin resistance of the middle 
wire RM can be obtained from the ratio between the non-local spin valve signals with and without the 
middle wire as described in Ref. [1]. The measurement configurations are shown in Fig. 2S (a). 
Figure S2 (b) shows the typical results of our non-local spin valve measurements where 𝑡Cu =  17.1 
nm. The measurements were performed in all of the samples and RM were obtained for each sample. 
 The resistance of Cu/Bi2O3 wire has been measured by four-terminal method at 10 K. The 
resistivity of Cu as a function of 𝑡Cu is shown in Fig. S3. When the dimension of Cu nanowire is 
smaller than the electron mean free pass 𝑙mfp, the measured resistivity is different form the intrinsic 
(bulk) resistivity due to the scattering at the surfaces and grain boundaries. We have estimated the 
resistivity of bulk Cu 𝜌0 by the fitting of the experimental data with the following equation [2-3], 
𝜌 =  𝜌0 {
1
3
[
1
3
 − 
𝑎
2
 + 𝑎2  − 𝑎3ln (1 + 
1
𝑎
 )]⁄  + 
3
8
𝐶(1 − 𝑝)
1+AR
AR
𝑙mfp 
𝑡Cu−ℎ
}, (S4a) 
𝑎 =  
𝑙mfp
𝑑
𝑅
1 − 𝑅
,   (S4b) 
where, 𝐶 is a constant with value 1.2 for a rectangular cross section, 𝑝 is specularity parameter, 
AR is the aspect ratio and ℎ is the roughness of the surface, 𝑅 is reflectivity coefficient at grain 
boundaries and 𝑑 is the average distance between grain boundaries. The parameters for the fitting 
in Fig. S3 are as follows: 𝑝 = 0, ℎ = 7 nm, 𝑅 = 0.25 and 𝜌0𝑙mfp = 6.6 × 10
-16
 Ωm
2
. We have 
assumed that the average grain size is equal to 𝑡Cu (𝑑 =  𝑡Cu) [2]. We obtained 𝜌0 = 4.0 µΩ・cm 
from the fitting. By using Drude model, we obtained the momentum scattering time in the bulk 
𝜏bulk = 10.6 fs. 
By using 1D spin diffusion model, we deduce Eq. (12): the spin current arises from the 
Bi2O3/Cu interface as the function of the Edelstein voltage VDEE. The model we consider is 
illustrated in Fig. S4. In general, the spin diffusion equation is written as 
∇2(𝜇↑ − 𝜇↓) =  
1
𝑙2
(𝜇↑ − 𝜇↓) ,  (S5a) 
∇2(𝜎↑𝜇↑ − 𝜎
↓𝜇↓) =  0 ,   (S5b) 
𝑗↑,↓ =  − 
𝜎↑,↓
𝑒
∇𝜇↑,↓,    (S5c) 
𝐼S =  𝑗↑ − 𝑗↓,    (S5d) 
where 𝜇𝜎 is electrochemical potential for spin up (𝜎 = ↑) and spin down (𝜎 = ↓), 𝜎
𝜎  is spin 
dependent electrical conductivity and 𝑗𝜎 is the current density for spin channel for spin channel 𝜎 
(𝜎 = ↑, ↓). 
In region (I) (see Fig. S4), the general solution of Eq. (S5a) is 
𝜇↑
I − 𝜇↓
I =  𝑎1e
−𝑧 𝑙M_Cu⁄ + 𝑎2e
𝑧 𝑙M_Cu⁄ ,  
𝜇↑
I + 𝜇↓
I =  0.  
Thus, 
𝜇↑
I =  
1
2
(𝑎1e
−𝑧 𝑙M_Cu⁄ + 𝑎2e
𝑧 𝑙M_Cu⁄ ), 
𝜇↓
I =  − 
1
2
(𝑎1e
−𝑧 𝑙M_Cu⁄ + 𝑎2e
𝑧 𝑙M_Cu⁄ ),  
𝑗↑
I =  
𝜎M
4𝑒𝑙M_Cu
(𝑎1e
−𝑧 𝑙M_Cu⁄ − 𝑎2e
𝑧 𝑙M_Cu⁄ ),  
𝑗↓
I =  − 
𝜎M
4𝑒𝑙M_Cu
(𝑎1e
−𝑧 𝑙M_Cu⁄ − 𝑎2e
𝑧 𝑙M_Cu⁄ ),  
𝐼S
I =  − 
1
2𝑒𝑅M_Cu
(𝑎1e
−𝑧 𝑙M_Cu⁄ − 𝑎2e
𝑧 𝑙M_Cu⁄ ), (S6C) 
𝑅M_Cu =  
𝜌M𝑙M_Cu
𝑤M𝑤bridge
, 
where 𝑤bridge is the width of bridge wire and 𝜎M is the electric conductivity of the middle wire. 
In region (II), 
𝜇↑
II −  𝜇↓
II =  𝑏1e
−𝑥 𝑙Cu⁄ + 𝑏2e
(𝑥 − 𝐿) 𝑙Cu⁄ ,  
𝜇↑
II +  𝜇↓
II =  0, 
Thus, 
𝜇↑
II =  
1
2
(𝑏1e
−𝑥 𝑙Cu⁄ + 𝑏2e
(𝑥 − 𝐿) 𝑙Cu⁄ ), 
𝜇↓
II =  − 
1
2
(𝑏1e
−𝑥 𝑙Cu⁄ + 𝑏2e
(𝑥 − 𝐿) 𝑙Cu⁄ ), 
𝑗↑
II =  
𝜎Cu
4𝑒𝜆Cu
(𝑏1e
−𝑥 𝑙Cu⁄ − 𝑏2e
(𝑥 − 𝐿) 𝑙Cu⁄ ),  
𝑗↓
II =  − 
𝜎Cu
4𝑒𝜆Cu
(𝑏1e
−𝑥 𝑙Cu⁄ − 𝑏2e
(𝑥 − 𝐿) 𝑙Cu⁄ ),  
𝐼S
II =  − 
1
2𝑒𝑅Cu
(𝑏1e
−𝑥 𝑙Cu⁄ − 𝑏2e
(𝑥 − 𝐿) 𝑙Cu⁄ ), 
𝑅Cu =  
𝜌Cu𝑙Cu
𝑤bridge𝑡bridge
,  
where 𝑡bridge is the thickness of the bridge wire, 𝜎Cu (𝜌Cu) is the electric conductivity (resistivity) 
of the bridge wire. 
In region (III), 
𝜇↑
III − 𝜇↓
III =  𝑐1e
−𝑧 𝑙NiFe⁄ , 
𝜎NiFe
↑ 𝜇↑
III + 𝜎NiFe
↓ 𝜇↓
III =  𝑒𝑉DEE𝜎NiFe, 
𝜎NiFe =  𝜎NiFe
↑  +  𝜎NiFe
↓. 
Thus, 
𝜇↑
III =  𝑒𝑉DEE  + 𝑐1
𝜎NiFe
↓
𝜎NiFe
e−𝑧 𝑙NiFe⁄ , 
𝜇↓
III =  𝑒𝑉DEE  − 𝑐1
𝜎NiFe
↑
𝜎NiFe
e−𝑧 𝑙NiFe⁄ , 
𝑗↑
III =  
𝜎NiFe
↑𝜎NiFe
↓𝑐1
𝑒𝜆NiFe𝜎NiFe
e−𝑧 𝑙NiFe⁄ , 
𝑗↓
III =  −
𝜎NiFe
↑𝜎NiFe
↓𝑐1
𝑒𝑙NiFe𝜎NiFe
e−𝑧 𝑙NiFe⁄ , 
𝐼S
III =  − 
1
2𝑒𝑅NiFe
e−𝑧 𝑙NiFe⁄ , 
𝑅NiFe =  
𝑙NiFe𝜎NiFe
4𝜎NiFe↑𝜎NiFe↓𝑤bridge𝑤NiFe
, 
(1 − 𝑃NiFe
2) =  
4𝜎NiFe
↑𝜎NiFe
↓
𝜎NiFe2
, 
where 𝑃NiFe is the spin polarization of NiFe and 𝜎NiFe is the electric conductivity of NiFe. 
In region (IV), 
𝜇↑
IV − 𝜇↓
IV =  𝑑1e
−(𝑥−𝐿) 𝑙Cu⁄ , 
𝜇↑
IV + 𝜇↓
IV =  0, 
Thus, 
𝜇↑
IV =  
1
2
𝑑1e
−(𝑥 − 𝐿) 𝑙Cu⁄ , 
𝜇↓
IV =  − 
1
2
𝑑1e
−(𝑥 − 𝐿) 𝑙Cu⁄ , 
𝑗↑
IV =  
𝜎Cu𝑑1
4𝑒𝑙Cu
e− (𝑥 − 𝐿) 𝑙Cu⁄ , 
𝑗↓
IV =  − 
𝜎Cu𝑑1
4𝑒𝑙Cu
e− (𝑥 − 𝐿) 𝑙Cu⁄ , 
𝐼S
IV =   
𝑑1
2𝑒𝑅Cu
e− (𝑥 − 𝐿) 𝑙Cu⁄ , 
 We used boundary conditions as follows. 
At x = 0, z = 0, 
𝐼S
I =  −2𝐼S
II, 
𝜇↑
I =  𝜇↑
II, 
(𝜇↓
I =  𝜇↓
II). 
At x = L, z = 0, 
𝐼S
II =  𝐼S
III + 𝐼S
IV, 
𝜇↑
II =  𝜇↑
III =  𝜇↑
IV, 
𝜇↓
II =  𝜇↓
III =  𝜇↓
IV. 
We obtain Eq. (12) when we eliminated unknown quantities b1, b2, c1, d1 by solving the simultaneous 
equations. 
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 Figure S1: The illustration of 1D diffusion model of direct spin Hall effect detected by non-local spin 
valve structure. 
 
 
 
 
 
 
Figure S2: Non-local spin valve measurement with and without Bi2O3/Cu wire. (a) The measurement 
configurations. (b) The typical results with (red line) and without (black line) Bi2O3/Cu wire. 
 
 
 
 
 
 
 
 
 
  
Figure S3: The resistivity of Cu wire as a function of the Cu thickness. Dots are the experimental 
data points. Blue solid line is the fitting. Black dashed line is the bulk resistivity. 
 
 
 
 
 
 
Figure S4: The illustration of 1D diffusion model of direct Edelstein effect detected by non-local 
spin valve structure. 
 
